INTRODUCTION
============

Cell viability depends on the cell\'s ability to maintain the balance of the proteome in the face of constant challenges. A major challenge to cell homeostasis is protein misfolding, which may occur frequently during its lifespan as a result of changes in environmental conditions, stochastic fluctuations, metabolic challenges, or mutations ([@B28]). Cells have developed specialized protective mechanisms to cope with protein misfolding that show a high degree of evolutionary conservation. Molecular chaperones are believed to function as the first line of defense, initially recognizing exposed hydrophobic patches on protein surfaces, protecting them from aggregation and assisting refolding ([@B51]). If refolding to the native structure fails, the protein may be delivered to ubiquitin (Ub) ligases for tagging and then shuttled to the 26S proteasome, the major proteolytic system in eukaryotic cells ([@B58]).

Failure to remove misfolded proteins may also lead to their sequestration in designated protein quality control (PQC) foci or inclusion bodies (IBs). Intracellular accumulation of amyloidogenic protein IBs is a pathological hallmark of various neurodegenerative diseases ([@B59]). Although a link between accumulation of IBs and neurodegenerative diseases has been known for more than a century ([@B32]; [@B14]), the mechanism by which they are formed is poorly understood and under constant controversy. A key, unresolved question is whether these IBs are "burial grounds" for terminally aggregated proteins or serve as functional protein PQC sites. The fact that Ub conjugates, molecular chaperones, and 26S proteasome subunits often accumulate together with misfolded proteins within these IBs appears to support the PQC site hypothesis ([@B16]; [@B64]; [@B72]). In agreement with this hypothesis is the observation that under stress conditions, ubiquitylated misfolded proteins are sequestered in a dynamic juxtanuclear PQC compartment, whereas nonubiquitylated, terminally misfolded proteins accumulate in an inactive peripheral compartment ([@B36]). In addition, studies of mutant polyglutamine (PolyQ)-expended huntingtin protein demonstrated that Ub, molecular chaperones, and other critical cellular factors associate irreversibly with existing IBs, leading to their depletion, eventually resulting in proteostasis collapse and cell death ([@B72]; [@B31]).

Molecular chaperones play a key role in PQC by mediating the triage decision of whether to refold, degrade, or sequester a misfolded protein ([@B12]). Chaperones, such as members of the heat shock protein 70 (Hsp70) family, bind to short, hydrophobic polypeptide motifs, enabling proteins to fold to their native, functional state ([@B7]). An important, but less-studied, role of the Hsp70 chaperones is the escorting of misfolded proteins to E3 Ub-ligases ([@B54]; [@B6]), although not all protein quality control--associated degradation (PQCD) E3 ligases depend on chaperones for executing the ubiquitylation reaction ([@B23]; [@B57]). Finally, Hsp70s have also been implicated as functioning downstream of ubiquitylation ([@B55]; [@B24]), although their precise role in assisting the degradation of ubiquitylated proteins and their mechanism of action is unclear.

Hsp70s participation in PQCD depends on the cooperation of obligatory cochaperones, the 40-kDa Hsps, also termed J-domain proteins. Hsp40s show a large degree of sequence and structural divergence, consistent with the idea that they play a major part in the highly diverse Hsp70 functions ([@B37]). A major function of Hsp40s is to stimulate the ATPase activity of Hsp70, thereby facilitating substrate capture ([@B42]). Hsp40s have also been implicated in the targeting of misfolded substrates to PQCD factors ([@B49]; [@B53]). The yeast Hsp40, Sis1, has another important PQC function: protection from prion cytotoxicity by maintaining them in nontoxic conformations and facilitating their disaggregation, in conjunction with the protein-remodeling factor Hsp104 ([@B61]). Paradoxically, these pathways also result in prion maintenance and propagation, perhaps due to their preservation in a soluble, nontoxic state ([@B69]). Finally, recent studies show that Sis1 is engaged in targeting misfolded proteins to cytosolic, stress-induced PQC compartments ([@B45]), as well as to proteasomal degradation ([@B65]).

To gain insights into the PQC-related function of the different Hsp chaperones/cochaperones in PQCD, we investigated their role in the proteolysis of substrates of the Doa10 PQCD ligase, which contain a well-defined degradation signal (degron) derived from the yeast protein Ndc10 ([@B56]). Ndc10 is an essential kinetochore protein and a key component of the CBF3 multisubunit complex that binds to the centromere ([@B18]). We previously identified a bipartite hydrophobic region in this protein, confined to the last 100 amino acids (aa) of Ndc10, which, upon exposure, triggers its chaperone- and Ub-dependent degradation ([@B24]). This region contains two distinct degron elements, *DegA* and *DegB*, which are necessary for substrate ubiquitylation and initiation of proteasomal degradation, respectively ([@B24]; [@B1]). The entire Ndc10 degron was therefore named *DegAB* ([@B1]). Of importance, *DegAB* functioned autonomously when attached to various protein reporters ([@B24]). The novelty of this model degron, in comparison to substrates that undergo rapid and terminal misfolding, such as PolyQ-extended huntingtin protein or the von Hippel--Lindau tumor suppressor, is that it does not aggregate spontaneously and hence may be defined as representative of mildly misfolded PQCD substrates ([@B24]). Similar combinations of hydrophobic motifs are predicted to be present in multiple proteins. Thus *DegAB*-mediated degradation is likely to represent a general pathway for the elimination of mildly misfolded proteins before they undergo irreversible misfolding that can lead to cytotoxicity.

Using these PQCD model substrates, we show that the yeast Hsp70 chaperones Ssa1 and Ssa2 (Ssa1/2), as well as the Hsp40 cochaperone Sis1, are required for degradation of substrates carrying *DegAB*. We further provide evidence that Sis1 acts as an essential factor for ubiquitylation, whereas Ssa1/2 function is essential for facilitating proteasomal degradation subsequent to ubiquitylation. When Hsp70 chaperone levels become limiting, ubiquitylated substrates accumulate in PQC aggregation foci, whereas nonubiquitylated substrates remain soluble. Thus, this study demonstrates a direct link between misfolded PQCD substrate ubiquitylation and sequestration.

RESULTS
=======

Ssa1 and Ssa2 are essential for the degradation of proteins containing the degron domain of Ndc10
-------------------------------------------------------------------------------------------------

The degradation of a temperature-sensitive (*ts*) mutant of Ndc10, termed Ndc10-2, and its endoplasmic reticulum (ER)--anchored derivatives displayed strong dependence on the activity of Ssa-chaperone family members ([@B24]). To identify specific Ssa protein(s) required for the degradation of Ndc10-2, we expressed a FLAG-tagged version of the protein in strains with individual knockouts of each of the four *SSA* family members. The rate of protein degradation in each strain was determined after treatment with the translation inhibitor cycloheximide (CHX). There was no apparent difference in the intensity of the Ndc10-2 protein band in these single-knockout strains (Supplemental Figure S1). We next examined Ndc10-2 degradation in a double-knockout *ssa1Δ ssa2Δ* strain (*ssa1/2Δ*), considering that these chaperones are highly homologous (96% aa sequence identity) and hence carry out overlapping functions ([@B74]). Strains with *SSA1* and *SSA2* double knockout are less tolerant to stress conditions ([@B15]). Therefore, to allow efficient delivery of the plasmid DNA containing Ndc10-2 into yeast and reduce the risk of spontaneous reverse mutations, we performed cell transformations in *ssa1/2Δ* cells expressing a covering plasmid containing wild-type *SSA1* and the *URA3* gene as a selectable marker. This plasmid was removed 2--3 d before experiments by treating the cells with 5-fluoroorotic acid, which is cleaved into a toxic substance in cells containing the *URA3* gene product orotidine-5′-phosphate decarboxylase. As shown in [Figure 1A](#F1){ref-type="fig"}, Ndc10-2 was rapidly degraded in *ssa1/2Δ* cells expressing Ssa1 from a plasmid, but was substantially stabilized after the removal of Ssa1. The stabilizing effect of Ssa1/2 knockout was not associated with localization of Ndc10-2 at the kinetochore, since it similarly stabilized an ER-anchored substrate composed of a fusion between the ER-anchored protein Vma12 and *DegAB*, as well as a soluble substrate composed of green fluorescent protein (GFP) fused to *DegAB* ([Figure 1, B](#F1){ref-type="fig"}-- [D](#F1){ref-type="fig"}). These results indicate that either Ssa1 or Ssa2 is strictly required for the degradation of proteins containing *DegAB* and that they are functionally interchangeable. See Supplemental Table S1 for a concise description of the different features of the various *DegAB*-containing substrates used in the present study.

![Ssa1 and Ssa2 are essential for the degradation of proteins containing the degron domain of Ndc10. (A) Degradation of Ndc10-2 requires either of the Hsp70 chaperones Ssa1 or Ssa2 (Ssa1/2). (B) Schematic presentation of the topology of substrates used in this study. Top, fusion between GFP and the 100-aa Ndc10 degron (*DegAB*). Bottom, fusion between the ER-anchored protein Vma12 and *DegAB*. (C, D) Degradation of Vma12-*DegAB* and GFP- *DegAB*, respectively, requires intact Ssa1/2.](2076fig1){#F1}

The cochaperone Sis1 is required for the degradation of several misfolded Doa10 substrates
------------------------------------------------------------------------------------------

Ydj1 is the most common Hsp40 cochaperone that operates together with Ssa chaperones in the degradation of Doa10 substrates ([@B47]). However, the inactivation of Ydj1 did not stabilize *Ndc10-2* ([@B24]). Thus, to identify Hsp40 chaperone(s) involved in the degradation of *DegAB*-expressing substrates, we compared Ndc10-2 protein levels in a set of yeast strains with individual Hsp40 cochaperone deletions from a yeast knockout library. Ndc10-2 was not stabilized in any of the Hsp40-deleted strains, as judged by the intensity of the Ndc10-2 protein band in the various deletions compared with that in *doa10Δ* cells (Supplemental Figure S2a).

The degradation of Ndc10-2 in cells with conditional depletion of Hsp40s that are essential for cell viability was next examined. We used mutant strains in which the Hsp40 activity was inhibited by various means, such as the deletion of an essential domain, controlled regulation of protein levels, or temperature-dependent inhibition of catalytic activity ([Figure 2A](#F2){ref-type="fig"} and Supplemental Figure S2, b and c). In these analyses, only the abrogation of Sis1 activity in *sis1-85* cells showed some effect on Ndc10-2 degradation kinetics, mildly stabilizing Ndc10-2 ([Figure 2A](#F2){ref-type="fig"}). We next tested the degradation of Vma12-*DegAB* in strains carrying *sis1-85* or *ydj1-151 ts* alleles, using temperature shift as a robust on/off switch of chaperone activity ([Figure 2B](#F2){ref-type="fig"}). At the restrictive temperature of 37°C, Vma12-*DegAB* was rapidly degraded in both Hsp40 wild-type and *ydj1-151* cells. However, it was substantially stabilized in cells expressing *sis1-85*. Similarly, GFP-*DegAB* showed marked stabilization in *sis1-85* cells ([Figure 2C](#F2){ref-type="fig"}, top). Of note, the degradation of CPY\*, an endoplasmic reticulum--associated degradation (ERAD) substrate of the Hrd1 ubiquitylation pathway ([@B5]), was not affected in *sis1-85* cells ([Figure 2C](#F2){ref-type="fig"}, middle), emphasizing Sis1's specific role in the Doa10 pathway of ERAD. The selectivity of Sis1 in PQCD in the Doa10 pathway was further demonstrated by following the degradation kinetics of a fusion between the Mat alpha2 *Deg1* degradation signal, Vma12, and protein A (*Deg1*-VP; [@B56]) and of the E2 enzyme, Ubc6 ([Figure 2, D and E](#F2){ref-type="fig"}, respectively). Whereas *Deg1*-VP containing a misfolded degron was markedly stabilized, the degradation of Ubc6, a native Doa10 substrate ([@B66]), was unaffected in *sis1-85* cells.

![Sis1 is essential for the degradation of several misfolded Doa10 substrates. (A) Degradation of Ndc10-2 in *sis1-85* cells. Cells incubated at 24°C were shifted to 37°C at 30 min before the CHX-chase experiment and kept at 37°C thereafter. (B) Vma12-*DegAB* is rapidly degraded in *ydj1-151* cells but stabilized in *sis1-85* cells. (C) Sis1 activity is required for the elimination of GFP-*DegAB* but not of mutant carboxypeptidase Y (CPY\*). (D) Degradation of *Deg1*-Vma12-protein A (*Deg1*-VP) requires intact Sis1. (E) Degradation of the Doa10 native substrate, Ubc6, does not require Sis1 activity.](2076fig2){#F2}

As previously indicated, the maintenance and propagation of prions is an important cellular function of Sis1. Because *sis1-85* is in the W303 background, which harbors the \[RNQ+\] prion ([@B44]), it is conceivable that the stabilization of Doa10 substrates observed in *sis1-85* cells was due to sequestration of Ssa1/2 by aggregated \[RNQ+\] prions, thereby inhibiting degradation indirectly. To test this possibility, we examined the degradation kinetics of Vma12-*DegAB* in a W303 strain in which the protein aggregation-remodeling factor *HSP104* was deleted, thereby disabling prion propagation ([@B13]). As shown in Supplemental Figure S3, Vma12-*DegAB* was rapidly degraded in the prion-free *Hsp104Δ* but was stabilized in *sis1-85 Hsp104Δ cells.* Overall these findings indicate a direct role for Sis1 in the degradation of *DegAB*-harboring PQCD substrates, independent of prion infection.

Ssa1/2 and Sis1 contribute differently to ubiquitylation in PQCD
----------------------------------------------------------------

To gain further insights into the precise roles of Ssa1/2 and Sis1 in PQCD, we next tested whether they are required for Doa10-dependent ubiquitylation of Vma12-*DegAB*. To this end, we used a reporter protein expressing a mutated degron in which two Leu residues at the extreme C-terminal region of *DegAB* were replaced with negatively charged Asp residues (Vma12-*DegAB*~DD~). This mutation selectively prevents proteasomal degradation without impairing the ubiquitylation of substrate proteins ([@B1]).

Initially we tested whether Ssa1/2 and Sis1 are required for substrate binding to Doa10 ([Figure 3A](#F3){ref-type="fig"}). Cells expressing Vma12-*DegAB*~DD~, were incubated at either 24 or 37°C for 2 h, and proteins were extracted under mild lysis conditions. Doa10 complexes were purified by immunoprecipitation (IP) using anti-Doa10 antibodies, and Doa10-bound substrate was subsequently detected by immunoblotting using anti-FLAG antibodies. Remarkably, when incubated at the restrictive temperature, Vma12-Deg*AB*~DD~ copurified with Doa10 in *ssa1/2Δ* cells but not in *sis1-85* cells. Thus Sis1 activity is required for stable interaction between Doa10 and the substrate before substrate ubiquitylation, whereas Ssa1 activity is largely dispensable.

![Ssa1/2 and Sis1 contribute differently to the ubiquitylation of the misfolded ER-anchored substrate Vma12*-DegAB*. (A) Sis1 is required for Vma12-*DegAB* binding to Doa10, whereas Ssa1 is dispensable. Microsomes were prepared from cells incubated at either 24 or 37°C under mild lysis conditions. Doa10 complexes were purified after treatment with digitonin using anti Doa10 antibodies. (B, C) IP of Vma12-*DegAB*~DD~ using anti-FLAG affinity gel, followed by immunoblotting with anti-Ub antibodies. Arrowhead indicates the approximate molecular weight of the substrate. (B) Vma12- *DegAB*~DD~ is not ubiquitylated in sis1-85 cells incubated at the restrictive temperature. (C) Vma12- *DegAB*~DD~ is partially ubiquitylated in *ssa1/2Δ* cells. (D) Newly synthesized Vma12- *DegAB* is ubiquitylated in *ssa1*-45 cells but remains unubiquitylated in *sis1-85* cells. Cells expressing Vma12-*DegAB* were treated with CHX for 1 h at 24°C. CHX was washed, and the cells were shifted to grow at 37°C for 2 h. Ub conjugation was assayed as illustrated in B and C.](2076fig3){#F3}

To test ubiquitylation directly, we next isolated Vma12-*DegAB*~DD~ from cell extracts by IP with anti-FLAG, followed by immunoblotting with anti-Ub antibodies ([Figure 3, B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). PolyUb-Vma12-*DegAB*~DD~ conjugates were detected in wild-type cells but were essentially absent in *doa10Δ* cells. In agreement with the substrate-binding experiment ([Figure 3A](#F3){ref-type="fig"}), polyubiquitylation was abolished in *sis1-85* cells but retained in *ssa1/2Δ* cells, albeit at reduced levels (∼40--50% compared with wild-type cells; [Figure 3, B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). To confirm that Vma12-*DegAB* was still ubiquitylated in the absence of Ssa chaperones, we examined the ubiquitylation of newly synthesized Vma12-*DegAB* in *ssa1-45* cells and compared it to that in *sis1-85* cells, using a CHX washout-chase protocol. Because members of the *SSA* chaperone family have overlapping functions, we examined the specific activity of Ssa1 in a strain lacking three of the four *SSA* genes (*ssa2Δ ssa3Δ ssa4Δ*) and carrying a *ts ssa1* allele (*ssa1-45*; [@B3]). Initially, cells were treated with CHX at the permissive temperature (24°C) for 1 h, allowing degradation of the substrate. Next, CHX was washed away, and cells were further incubated at 37°C for 2 h, after which ubiquitylation was analyzed. As shown in [Figure 3D](#F3){ref-type="fig"}, newly formed protein-polyUb conjugates were detected in *ssa1-45* cells 2 h after washing the CHX, independent of the incubation temperature. In contrast, incubating *sis1-85* cells at 37°C during the wash period considerably impaired formation of Vma12-*DegAB*-poly-Ub conjugates. Overall these results confirm that Sis1 is essential, whereas Ssa chaperones are largely dispensable for the ubiquitylation of Vma12-*DegAB*. It is thus likely that the reduced degradation in the absence of *SSA* chaperones ([Figure 1](#F1){ref-type="fig"}) is due to a requirement for chaperone activity downstream of protein ubiquitylation.

Ub-dependent sequestration of PQCD substrates into foci in the absence of *SSA1/2*
----------------------------------------------------------------------------------

Given that the principal role of Hsp70 chaperones is to prevent aggregation of misfolded proteins, we speculated that Ssa1/2 might likewise prevent deposition of proteins expressing the Ndc10 degron in aggregation foci. Consequently we examined the spatial localization of Vma12-*DegAB* harboring an internal GFP (Vma12-GFP-*DegAB*) in *ssa1/2Δ* cells by fluorescence microscopy. Vma12-GFP-*DegAB* was hardly detected in *wild-type* cells but was clearly visible in *doa10Δ* cells, where it was mostly localized to the ER ([Figure 4A, a](#F4){ref-type="fig"} and [b](#F4){ref-type="fig"}). In *ssa1/2Δ* cells, the protein exhibited punctate staining, typical of substrate deposition in aggregation foci. This punctate staining was hardly detectable in a triple-mutant strain lacking both *DOA10* and *SSA1/2* (compare [Figure 4A, c](#F4){ref-type="fig"} and [d](#F4){ref-type="fig"}). Quantitative image analysis revealed that ∼80% of *ssa1/2Δ* cells expressing Vma12-GFP-*DegAB* contained aggregation foci, whereas aggregates were present in only \~20% of the *doa10Δ* cells and the *doa10Δ* and *ssa1/2Δ* triple-mutant cells ([Figure 4B](#F4){ref-type="fig"}).

![Ubiquitin conjugation is required for triggering sequestration of Vma12-GFP*-DegAB* into foci in the absence of Ssa1/2. (A) Vma12-GFP*-DegAB* was expressed in wild-type, *doa10Δ*, *ssa1/2Δ*, and *ssa1/2Δ doa10Δ* cells. Cells were grown to log phase at 30°C. Nuclei were visualized by Hoechst staining (red). Cells were fixed in 3.7% paraformaldehyde and visualized by fluorescence microscopy. Green channel, GFP; red channel, Hoechst. Scale bar, 5 μm. (B) Quantitative assessment of Vma12-GFP-*DegAB*--positive foci in each strain. The total number of foci per cell in GFP-expressing strains was counted manually. Quantifications are based on the analysis of 150--200 cells. *n* ≥ 3.](2076fig4){#F4}

Aggregation of Vma12-GFP-*DegAB* in *ssa1/2Δ* cells could be attributed to the exposure of hydrophobic and/or misfolded regions within *DegAB* or, alternatively, within membrane-spanning regions of Vma12. To distinguish between the two possibilities, we performed a similar fluorescence analysis using the soluble Doa10 substrate GFP-*DegAB*. In *doa10Δ* cells GFP-*DegAB* showed diffused staining that was mainly nuclear ([Figure 5A, b](#F5){ref-type="fig"}). Given that Ndc10 localizes to the kinetochore and the spindle pole body ([@B18]), our findings point to the existence of a nuclear localization signal within *DegAB*. Furthermore, GFP-*DegAB* accumulated in punctate foci in *ssa1/2Δ* cells, but showed mainly diffused staining in *doa10Δ ssa1/2Δ* cells ([Figure 5A, c](#F5){ref-type="fig"} and [d](#F5){ref-type="fig"}). Quantitatively, the percentile of punctate foci in the various strains was similar to that observed for the ER-embedded substrate ([Figure 5B](#F5){ref-type="fig"}).

![Ubiquitin conjugation is required for triggering sequestration of GFP-*DegAB* into detergent-insoluble, Hsp42-positive punctate foci. (A) Cells expressing GFP-*DegAB* were treated and visualized as illustrated in [Figure 4A](#F4){ref-type="fig"}. Green channel, GFP; red channel, Hoechst. Scale bar, 5 μm. (B) Quantitative assessment of GFP-*DegAB*--positive foci in each strain. The total number of foci per cell in GFP-expressing strains was counted manually. Quantifications are based on the analysis of 150--200 cells. *n* ≥ 3. (C) GFP-*DegAB* is detergent insoluble in *ssa1/2Δ* cells but remains soluble in *doa10Δ* and *ssa1/2Δ doa10Δ* cells. Proteins extracted with 0.5% Triton X-100 were separated by centrifugation at 17,000 × *g*. T, total; S, supernatant; P, pellet. (D) Detergent-insoluble GFP-*DegAB* is ubiquitylated in *ssa1/2Δ* cells. (E) *ssa1/2Δ* cells coexpressing GFP-*DegAB* and mCherry-Hsp42 were visualized by confocal microscopy. The cells were prepared as illustrated in [Figure 4A](#F4){ref-type="fig"}. (a) GFP-*DegAB* colocalizes with mCherry-Hsp42 in punctate foci, (b) mCherry-Hsp42 localization in punctate foci is independent of the presence of GFP-*DegAB* in *ssa1/2Δ* cells. Green channel, GFP; red channel, Cherry; blue channel, Hoechst. Scale bar, 5 μm. (F) Hsp42 is required for sequestration of GFP-*DegAB* in *ssa1/2Δ* cells. Green channel, GFP; red channel, Hoechst. Scale bars, 5 μm.](2076fig5){#F5}

Given that the accumulation of detergent-insoluble aggregates is tightly associated with the pathology of misfolded protein diseases, we next tested the solubility of *GFP-DegAB* in 0.5% Triton X-100 ([Figure 5C](#F5){ref-type="fig"}). In *ssa1/2Δ* cells, GFP-*DegAB* was strictly confined to the Triton X-100--insoluble fraction while remaining largely soluble in *DOA10*-knockout strains, regardless of *SSA1/2* presence. That the detergent-insoluble substrate is indeed ubiquitylated was next confirmed by IP using anti-GFP antibodies followed by immunoblotting with anti-Ub antibodies ([Figure 5D](#F5){ref-type="fig"}).

To characterize the GFP-*DegAB* foci, we used Hsp42, an established marker of peripheral aggregates in yeast, essential for sequestration of misfolded proteins into aggregation foci ([@B63]; [@B45]). In agreement with localization in aggregation foci, GFP-*DegAB* expressed in *ssa1/2Δ* cells colocalized with Hsp42 fused to monomeric cherry fluorescence protein (mCherry; [Figure 5E, a](#F5){ref-type="fig"}). Hsp42 punctate foci were also present in *ssa1/2Δ* cells that did not express GFP-*DegAB*, suggesting that in the absence of Ssa1/2 additional proteins are being sequestered ([Figure 5E, b](#F5){ref-type="fig"}). Furthermore, in agreement with the proposed role of Hsp42 as a recruiting factor ([@B63]), its elimination from *ssa1/2Δ* cells resulted in enhanced solubility of *GFP-DegAB* ([Figure 5F, b](#F5){ref-type="fig"}). Together these results demonstrate that polyUb conjugation plays a significant role in Hsp42-mediated sequestration of misfolded proteins into detergent-insoluble PQC aggregation foci. Because both ER-localized and cytosolic proteins were targeted to aggregation foci, we concluded that sequestration is independent of the protein\'s spatial localization.

To verify that polyUb conjugation is the primary cause for the sequestration of GFP-*DegAB* in *ssa1/2Δ* cells and that reduced levels of Hsp70 alone are insufficient to trigger aggregation, we tested the cellular distribution of a stable mutant of GFP-*DegAB* devoid of the last 10 aa of Ndc10 (GFP-*DegAB*~Δ10~). This mutant protein did not interact with Doa10 (Supplemental Figure S4) and therefore remained unconjugated to Ub ([@B24]). In line with the data shown in [Figure 5](#F5){ref-type="fig"}, when GFP-*DegAB*~Δ10~ was expressed in *ssa1/2Δ* cells, it did not aggregate (Supplemental Figure S5). This is likely due to inability of GFP-*DegAB*~Δ10~ to undergo ubiquitylation, although we cannot exclude the possibility that the mutant affected some structural elements of the *DegAB* degron. Accordingly, we hypothesize that *SSA1/2* depletion by itself is insufficient to promote sequestration of *DegAB*-expressing substrates.

In a complementary experiment, we tested a *DegAB*~DD~ mutant, which is ubiquitylated but cannot be degraded ([@B1]; [Figure 3, B](#F3){ref-type="fig"} and [C](#F3){ref-type="fig"}). The results show that GFP*-DegAB*~DD~ remained soluble in wild-type cells, whereas it was sequestered in *ssa1/2Δ* cells (Supplemental Figure S6), indicating that polyubiquitylation per se is unlikely to be the driving force for sequestration when Ssa1/2 levels are sufficient.

The collective results indicate that the sequestration of the misfolded substrate into PQC aggregation foci requires both polyUb conjugation and Hsp70 depletion and that each condition by itself is insufficient to induce aggregation.

Given that the appearance of cellular aggregates is commonly associated with reduced cell viability, we wanted to assess the consequences of protein aggregation observed in the *ssa1/2Δ* strain on cell growth. Previous studies demonstrated that the growth rate of *ssa1/2Δ* cells is slightly decreased at 24°C and 30°C compared with wild-type cells ([@B60]), and we observed no additional growth defect upon expression of GFP-*DegAB* in these cells (Supplemental Figure S7a). However, spontaneous mutants evading aggregation appear with high frequency in *ssa1/2Δ* cells ([@B48]). Thus we used flow cytometry to analyze the number of GFP-*DegAB*--expressing cells within the total population. Results presented in Supplemental Figure S7, b and c, show a substantial decrease in the number of florescent *ssa1/2Δ* cells measured 3 d after transformation compared with strains with lower aggregate levels, *doa10Δ* and *ssa1/2Δ doa10Δ*. As a consequence, as a technical note, we took care that studies of protein sequestration were done soon after the removal of the ectopically expressed *SSA1*, followed by enrichment of fluorescent cells by fluorescence-activated cell sorting (FACS).

GFP-*DegAB* accumulates in a soluble form in cells with impaired Sis1 activity
------------------------------------------------------------------------------

Because Sis1 was required for the ubiquitylation of Vma12-*DegAB* ([Figure 3, B](#F3){ref-type="fig"} and [D](#F3){ref-type="fig"}), we hypothesized that GFP-*DegAB* will remain soluble in *sis1-85* cells under the restrictive temperature. We therefore followed the cellular distribution of GFP-*DegAB* in *sis1-85* cells and found that in agreement with the requirement for ubiquitylation, GFP-*DegAB* levels increased in *sis1-85* cells at the restrictive temperature, yet the protein remained soluble ([Figure 6](#F6){ref-type="fig"}).

![GFP-*DegAB* accumulates in a soluble form in cells with impaired Sis1 activity. (A) The indicated GFP-*DegAB*--expressing strains were grown to log phase at 24°C. Cells were kept at 24°C or shifted to 37°C for 2 h before fixation in paraformaldehyde. Nuclei were visualized by Hoechst staining (red). Green channel, GFP; red channel, Hoechst. (B) Quantitative assessment of GFP-*DegAB*--positive foci in *sis1-85* cells, as illustrated in [Figure 4B](#F4){ref-type="fig"}. *n* ≥ 3. Scale bar, 5 μm.](2076fig6){#F6}

The formation of *DegAB* foci in *ssa1/2Δ* cells is dose dependent and displays an asymmetrical inheritance pattern during bud formation
----------------------------------------------------------------------------------------------------------------------------------------

To investigate the dynamics of aggregate formation, we used time-lapse imaging of *ssa1/2Δ* cells expressing GFP-*DegAB*. Cells grown to stationary phase were diluted and subsequently followed by time-lapse microscopy. During the stationary phase *TDH3* promoter activity, which controls GFP-*DegAB* transcription, is reduced, whereas shifting the cells to a logarithmic growth phase relieves this inhibition ([@B73]). This mode of regulation of the *TDH3* promoter enabled us to follow the kinetics of formation of nascent aggregates. [Figure 7A](#F7){ref-type="fig"} and Supplemental Videos S1 and S2 show that the stationary population (time 0) displayed only a small portion of GFP-*DegAB*--derived aggregates and that aggregation increased when cells reached logarithmic phase. This accumulation of aggregates occurred in a dose-dependent manner. The substrate accumulated initially in the nucleus in a soluble form, whereas aggregates began to emerge only after a critical concentration was reached. Initially a single aggregate formed in a peri­nuclear inclusion, similar to the juxtanuclear quality control compartment (JUNQ; [@B36]; [@B63]). Next peripheral inclusions started to appear. These "seeds" continued to grow and occasionally divided until multiple punctate foci were established. Yet these protein aggregates rarely moved to the daughter cells. In *doa10Δ* cells, substantially smaller fraction of the cells accumulated aggregates. The apparent punctate foci rarely expanded above a critical size and ultimately disappeared. The triple mutant lacking both *DOA10* and *SSA1/2* displayed similar distribution of GFP-*DegAB* as in *doa10Δ* cells.

![GFP*-DegAB* foci display asymmetric inheritance and differential mobility in *ssa1/2Δ* cells. (A) Time-dependent changes in the localization of GFP-*DegAB*. GFP-*DegAB* was visualized in the indicated strains by fluorescence microscopy. Images were collected from logarithmically growing cells at 5-min intervals. (B) Aggregates containing GFP-*DegAB* exhibit low mobility. Prebleach and postbleach images of a representative FRAP experiment and subsequent recovery of GFP-*DegAB* in the indicated strains are shown. Scale bars, 5 μm.](2076fig7){#F7}

To gain additional insights into the dynamic properties of these aggregates we used the FRAP technique. Although no recovery of the GFP signal was observed in *ssa1/2Δ* cells at the indicated time intervals up to 3 min after photobleaching, about twofold increase in fluorescence intensity was detected in the sporadic aggregates formed in the triple-knockout cells ([Figure 7B](#F7){ref-type="fig"}). Thus aggregates obtained in the absence of the E3 ligase show higher dynamics, which is in agreement with our working hypothesis that the capacity of these cells to dismantle preformed aggregates is enhanced (Supplemental Videos S1 and S2).

DISCUSSION
==========

Sis1 functions as a misfolded protein--sorting factor
-----------------------------------------------------

We show that Hsp40 cochaperone Sis1 is required for the ubiquitylation of proteins carrying the *DegAB* degron and for their subsequent degradation or sequestration ([Figures 2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, and [6](#F6){ref-type="fig"}). This is the first time that Sis1 is directly implicated in PQCD by the Doa10 pathway. Previously Sis1 was largely associated with prion recognition ([@B62]; [@B20]; [@B69]). It was suggested that it facilitates sorting of prions to stress-inducible PQC compartments containing other aggregation-prone model substrates, such as von Hippel--Lindau ([@B45]). Similarly, Sis1 and Ssa1 are associated with aggresomes of expanded PolyQ huntingtin domains in a yeast model ([@B72]). Our novel finding that Sis1 is specifically required for ubiquitylation of PQCD substrates by facilitating their binding to Doa10 E3 ligase is coincident with a recent report indicating a direct role for Sis1 in proteasomal degradation of a cytosolic substrate of the yeast PQCD E3 ligases Ubr1 and San1 ([@B65]).

Hsp70 levels determine the fate of ubiquitylated proteins
---------------------------------------------------------

The constitutively expressed Ssa1 and Ssa2 chaperones were required for PQCD of Ndc10 and its derivatives, whereas the stress-inducible members of the *SSA* family, Ssa3 and Ssa4, were dispensable. This finding highlights the constitutive role of Hsp70s in maintaining cell proteostasis under physiological conditions.

We found that Hsp70s were largely dispensable for the ubiquitylation of substrates harboring the *DegAB* degron ([Figure 3](#F3){ref-type="fig"}). Our findings are different from various studies reporting requirement of Hsp70s for ubiquitylation of PQCD substrates. For example, the association of the E3 ubiquitin-ligase C-terminus of Hsc70-interacting protein with Hsp70 triggers ubiquitylation of its substrates ([@B52]), and the ubiquitylation of certain misfolded Doa10 substrates similarly requires Hsp70s ([@B27]; [@B49]; [@B53]). In accordance with our findings, the ubiquitylation of the cytosolic model PQC substrate ΔssCPY\* (signal sequence--deleted carboxypeptidase Y~Gly255Arg~) did not require the *SSA* family, whereas its aggregation was prevented by Ssa1 ([@B55]). However, the connection between ubiquitylation and aggregation was not clarified. ΔssCPY\* is likely to be defective mainly in its tertiary structure due to impaired disulfide bond formation ([@B21]; [@B34]). Similarly, *DegAB* undergoes a mild perturbation that does not affect its secondary structure ([@B24]). It is therefore possible that the requirement for chaperones in the ubiquitylation pathway is determined by the severity of the lesion ([Figure 8](#F8){ref-type="fig"}): severely misfolded substrates engage Ssa chaperones rapidly, before ubiquitylation, in order to maintain their solubility, whereas substrates with mild structural perturbation remain soluble, requiring chaperones activity only after ubiquitylation.

![A proposed model for the sorting of misfolded proteins to distinct PQCD pathways, depending on their folding and ubiquitylation states and the cellular levels of Hsp40/70 chaperones. Hsp40/70 activities are required for keeping terminally misfolded proteins in a soluble form, enabling their ubiquitylation. Presence of these chaperones in sufficient amounts prevents spontaneous aggregation. On the other hand, mildly/partially misfolded proteins do not require Hsp70 activity for maintaining their solubility. Still, Hsp40s are required for targeting these substrates to the ubiquitylation complex. Mildly misfolded ubiquitylated substrates still require Hsp70s for escorting them to the 26S proteasome, thereby preventing Ub-mediated, Hsp42-assisted sequestration.](2076fig8){#F8}

Lack of Hsp70 requirement for Ub conjugation, although calling for further clarification, provided us with an unprecedented opportunity to assess the roles of Hsp70 downstream to ubiquitylation. We found that in *ssa1/2Δ* cells, ubiquitylated substrates were sequestered into distinct PQC foci ([Figures 4](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}, and [7](#F7){ref-type="fig"}). This sequestration was dependent on ubiquitylation, since inhibition of ubiquitylation, whether by eliminating Sis1 or Doa10, resulted in the accumulation of the substrate in a soluble form, regardless of Ssa1/2 activity ([Figures 5--7](#F5 F6 F7){ref-type="fig"}).

The specific role of Ssa1/2 downstream to ubiquitylation is obscure. It is unlikely that Hsp70s are required to specifically increase the solubility of the Ub-conjugated substrate, since, a priori, both conjugate moieties (the substrate and polyUb) are soluble, and, furthermore, Ub conjugation increases protein solubility ([@B10]; [@B71]). Instead, it is plausible that Hsp70s are required for shuttling the ubiquitylated substrate to the proteasome. According to this hypothesis, by binding to the substrate moiety of the conjugate, Hsp70s prevent binding of sequestration factors and thus ensure delivery to the proteasome for degradation. Hence, in their absence, conjugates are sequestered. The findings of a physical interaction between Hsp70s and proteasomal Ub receptors are in accordance with this hypothesis ([@B26]; [@B25]).

Roles of ubiquitin in IBs formation
-----------------------------------

Ubiquitin is a prominent constituent of IBs in the vast majority of neurodegenerative diseases ([@B41]). Previous studies suggest that ubiquitylation of misfolded proteins can lead to their aggregation in distinct quality control foci ([@B35]; [@B36]). In yeast, several misfolded proteins that undergo ubiquitylation are sequestered in a juxtanuclear PQC compartment, termed JUNQ, whereas nonubiquitylated, terminally misfolded proteins accumulated in a peripheral compartment termed IPOD ([@B36]). However, the pattern of protein aggregation is likely to be more complex, as in many cases, the number of distinct aggregation foci emerging from misfolded protein accumulation is larger than these two compartments ([@B63]).

It is important to note that in the present study we used a model protein with structural properties distinct from those used for characterizing the IPOD and JUNQ compartments ([@B36]; [@B63]). Whereas the previous studies largely relied on heterologously expressed human von Hippel--Lindau and PolyQ-expanded huntingtin proteins, both insoluble in yeast, we used a soluble, mildly misfolded substrate derived from a native yeast protein. This substrate colocalized in an Ub-dependent manner to Hsp42-positive foci in both juxtanuclear and peripheral aggregation compartments, where it showed low mobility. Furthermore, whereas the previous studies were carried out under environmental stress conditions, the present study was performed in cells with intact proteolytic activity, subjected to Hsp70 depletion. The novel findings emerging from our study can therefore be attributed to the different experimental conditions and substrates used. These findings imply that the depletion of Hsp70 chaperones directs mildly misfolded proteins into an alternative Ub-dependent sequestration pathway.

Recognition of ubiquitylated proteins by the proteasome is mediated by Ub receptors ([@B17]; [@B33]). Several studies show proteasome-unbound Ub-receptors, implying that they may act as proteasome-targeting factors ([@B46]). Furthermore, Ub receptors are found in aggresomes of polyQ huntingtin domains ([@B72]), and several Ub-binding proteins, such as PLIC, ataxin3, and sequestosome1/p62, are implicated in misfolded-protein sequestration pathways ([@B19]; [@B8]; [@B30]). Moreover, the expression of isolated Ub-interacting motifs inhibits aggregation of PolyQ huntingtin in a cell model of Huntington disease ([@B50]), suggesting that Ub-binding proteins are actively involved in huntingtin sequestration and that overexpression of isolated Ub-interacting motifs can compete for this interaction. Thus our findings that ubiquitylation of misfolded PQCD substrates leads to their sequestration when Hsp70 levels limit degradation ([Figures 3--5](#F3 F4 F5){ref-type="fig"} and [7](#F7){ref-type="fig"}) may be explained by either active targeting via sequestration factors (as described earlier) or by competing interactions with alternative Ub receptors localized in PQC foci.

Implications for neurodegenerative diseases and aging
-----------------------------------------------------

The misfolded-protein substrates used in this study are not cytotoxic, as indicated by the roughly similar growth rates of mutant and wild-type cell cultures, where the substrate is stable and rapidly degraded, respectively. Nonetheless, the ubiquitylated substrate aggregates observed in *ssa1/2Δ* cells are retained in the mother cell, as shown by time-lapse imaging of budding cells ([Figure 7](#F7){ref-type="fig"} and Supplemental Movie S1). This asymmetrical distribution between mother and daughter cells is characteristic of damaged and potentially toxic protein species, facilitating superior damaged-protein management in the progeny of *Saccharomyces cerevisiae* ([@B22]). This situation is analogous, albeit at a much longer time scale, to the time-dependent cytotoxicity typical of most neurodegenerative disorders. Because the most common risk factor for neurodegeneration is aging ([@B29]; [@B9]), the time-dependent gain of cytotoxicity may be the result of gradual depletion of critical cellular factors, such as molecular chaperones, as well as proteasome subunits ([@B16]; [@B11]; [@B64]; [@B70]), which ensure removal of deleterious proteins rather than their accumulation in the form of IBs. Consistent with such a mechanism are the findings in *Caenorhabditis elegans* and *Drosophila melanogaster* of an age-dependent reduction of Hsp70 expression associated with diminished proteostasic capacity ([@B67]; [@B4]) and of decreased proteasome activity in aged mammalian brains ([@B38]).

Here we established an effective model system to study the molecular mechanism of misfolded-protein PQCD aggregation by limiting chaperone expression. Our findings strongly support the hypothesis that Ub is directly involved in the sequestration of mildly misfolded proteins (a working model is presented in [Figure 8](#F8){ref-type="fig"}). Identifying Ub-dependent interactions and characterizing their interplay with the Hsp70/40 machinery may facilitate the elucidation of the mechanisms by which cellular decisions are made on whether to degrade or divert defective proteins to IBs.

MATERIALS AND METHODS
=====================

Yeast and bacterial methods
---------------------------

Yeast extract--peptone--dextrose (YPD)-rich media, synthetic dextrose (SD) minimal media, and lysogeny broth bacterial media were prepared using standard protocols. Standard methods were used for genomic manipulation of yeast and for recombinant DNA work.

Yeast strains
-------------

*S. cerevisiae* strains used in this study are listed in Supplemental Table S2. Unless indicated otherwise, the genetic background for yeast strains used in this study was that of W303 (α, his3-11,15, leu2-3,112, ura3-52, trp1-1, ade2-1, can 1-100). Deletion strains constructed in this study contain the KanMX cassette that was used to disrupt the ORF of the appropriate genes and are derived from the yeast knockout collection (Open Biosystems, Huntsville, AL).

Plasmids
--------

Plasmids used in this study are listed in Supplemental Table S3. The plasmids were constructed using standard molecular biology techniques as described below. Primers for constructing plasmids and strains using PCR amplification techniques are available upon request.

To obtain plasmid pRS414 FLAG-Vma12-GFP-DegAB, a GFP fragment from plasmid pFa6a-GFP was PCR amplified and cloned into pJET, then cloned to pRS414GPDp-FLAG-Vma12-6His-DegAB at the *Age*I and *Stu*I sites. To obtain plasmid pRS414GPDp-GFP-DegAB, GFP-DegAB was generated by PCR amplification of pRS414-FLAG-Vma12-GFP-DegAB and cloned to pRS414GPDp CEN/TRP1 at the *Pst*I and *Sal*I sites.

GFP-DegAB~D10~ and GFP-DegAB~DD~ were created by ligation of the corresponding fragments from pRS414-FLAG-Vma12-GFP-N90 and pRS414-FLAG-Vma12-GFP-DegAB~DD~, respectively ([@B24]), into pRS414GPDp-GFP-DegAB at the *Age*I and *Sal*I sites.

Cycloheximide chase and immunoblotting
--------------------------------------

Unless otherwise indicated, all experiments were done at 30°C. Yeast cells were grown to log phase, then cycloheximide (0.5 mg/ml) was added, and aliquots from each time point were taken. Proteins were extracted by incubating cells with 0.1 N NaOH for 5 min at 23°C and spinning down the cells. The pellets were then dissolved in sample buffer and boiled at 95°C for 5 min. Samples were separated on SDS--PAGE gels (5--15% gradient), transferred to polyvinylidene fluoride membranes, and immunoblotted. The following antibodies were used: anti-Ndc10 (a gift from P. Meluh, Johns Hopkins University, Baltimore, MD), anti-GFP (Roche, Indianapolis, IN), anti--glucose-6-phosphate dehydrogenase (G6PD; Sigma-Aldrich, St. Louis, MO), anti-FLAG (Sigma-Aldrich), anti-actin (MP Biomedicals, Solon, OH), anti-hemagglutinin (anti-HA; Roche), anti-Doa10 antiserum from rabbit raised against a hexahistidine (His~6~)-tagged N-terminal 128-residue fragment of Doa10 ([@B40]), and a rabbit polyclonal anti-Ubc6 antiserum. The rabbit antiserum was raised against the N-terminal 225-residue fragment of Ubc6 tagged by His~6~ at the C-terminus (1--225 aa). Proteins were visualized by enhanced chemiluminescence reaction.

Fluorescence imaging
--------------------

Yeast cells transformed with indicated plasmids were grown to early log phase at 30°C (unless indicated otherwise) and fixed with 3.7% paraformaldehyde. Images were obtained by confocal microscopy using a Bio-Rad (Hercules, CA) MRC-1024 workstation attached to an Axiovert 135M microscope equipped with a 63×/1.4 objective (Carl Zeiss, Jena, Germany) or a DP71 camera mounted on an IX70 microscope with a 40×/1.6 oil objective (Olympus, Tokyo, Japan).

For live-cell imaging cells were immobilized using concanavalin A on glass-bottom tissue culture dishes (MatTek, Ashland, MA) and filmed using a charge-coupled device camera (Roper, Tucson, AZ) mounted on an Olympus IX70 microscope with a 60× oil objective. Imaging of cells was started immediately after dilution of stationary-phase cells. The entire setup was controlled by MetaMorph software (Molecular Devices, Sunnyvale, CA). ImageJ (National Institutes of Health, Bethesda, MD) was used for image processing, analysis, and assembly.

FRAP analysis
-------------

For FRAP analysis, yeast cells were grown to log phase and immobilized on concanavalin A--coated, glass-bottom culture dishes. Five individual cells for each strain were measured. Measurements were performed at 30°C by confocal microscopy using a Bio-Rad MRC-1024 workstation attached to a Zeiss Axiovert 135M microscope equipped with a 63×/1.4 objective. The resulting loss of fluorescence in the region of interest as a function of time provides a measure of the relative exchange rate with the bleached aggregate fraction of molecules.

Ubiquitylation analysis
-----------------------

Ubiquitylation assays were performed according to [@B43]). Yeast cells (∼20 *A*~600~ eq) coexpressing the indicated plasmids, together with a plasmid containing copper-induced Ub, were lysed by addition of 1.5 ml of 2 N NaOH/1 M β-mercaptoethanol. The lysates were incubated with 5% trichloro­acetic acid. Proteins were separated by centrifugation at 17,000 × *g* for 10 min at 4°C, and the pellet was resuspended in 100 μl of sample buffer. Cell extracts were diluted 30-fold with buffer supplemented with protease inhibitors (Sigma-Aldrich) and 5 mM *N*-ethylmaleimide. Extracted proteins were immunoprecipitated with anti-GFP (Roche), followed by precipitation with rProtein A beads (RepliGen, Waltham, MA). Immunoblotting was done as described. Ubiquitylation was also tested in microsomes, which were prepared precisely as described by [@B2]). Briefly, yeast cells (∼5 *A*~600~ eq) expressing the indicated plasmids were harvested and resuspended in 400 μl of ice-cold membrane fractionation buffer (20 mM Tris, pH 7.5, 0.1 M NaCl, 0.3 M sorbitol) with protease inhibitors. Glass beads were added, and lysis was conducted by high-speed vortexing. The resulting lysates were cleared by repeated 10-s microcentrifuge pulses to remove unlysed cells and large debris. The cleared supernatant contained microsome membranes, which were harvested by centrifugation at 17,000 × *g* for 30 min. Microsomal pellets were resuspended in SDS-sample buffer with 50 mM dithiothreitol (DTT) and diluted ∼30-fold in buffer supplemented with protease inhibitors (Sigma-Aldrich) and 5 mM *N*-ethylmaleimide. Extracted proteins were immunoprecipitated with anti-FLAG M2 affinity gel (Sigma-Aldrich), and immunoblotting was done as described.

Solubility analysis
-------------------

Detergent solubility assay was adapted from [@B68]). Yeast cells (∼5 *A*~600~ eq) at late logarithmic phase were harvested and lysed in 200 μl of lysis buffer (100 mM Tris, pH 7.5, 200 mM NaCl, 1 mM EDTA, 1 mM DTT, 5% glycerol, and 0.5% Triton X-100) with protease inhibitors (Sigma-Aldrich) by vortexing for 5 min at 4°C with glass beads. Repeated 10-s microcentrifuge pulses cleared the resulting lysates. A 50-μl amount of lysate, representing the "total lysate," was removed and added to 50 μl of SUMEB (8 M urea, 1% SDS, 10 mM 3-(*N*-morpholino)propanesulfonic acid, pH 6.8, 10 mM EDTA, 0.01% bromphenol blue). The remaining lysate was centrifuged at 17,000 × *g* for 15 min. A 100-μl amount of supernatant was added to 100 μl of SUMEB. The pellet was resuspended in 100 μl of lysis buffer plus 100 μl of SUMEB. Proteins were immunoblotted as described.

Coimmunoprecipitation analysis
------------------------------

Coimmunoprecipitation analysis was done precisely as described by [@B39]). Briefly, yeast cells (∼20 *A*~600~ eq) were lysed in extraction buffer (50 mM Tris-HCl, pH 7.5, with protease inhibitors phenylmethylsulfonyl fluoride and aprotinin \[Sigma-Aldrich\]) by vortexing 5 min at 4°C with glass beads. The cleared, crude microsomal fraction was collected by centrifugation at 17,000 × *g* for 10 min and resuspended in 0.5 ml of resuspension buffer (RB; 50 mM Tris-HCl, pH 7.5, 200 mM NaAc, 10% glycerol with protease inhibitors \[Sigma-Aldrich\]). Membranes were solubilized by addition of digitonin (Calbiochem, La Jolla, CA) to 1%. The supernatant after centrifugation (16,000 × *g* for 10 min) was diluted 1:1 with RB. Extracted proteins were immunoprecipitated and immunoblotted as described.

Cell sorting and analysis by flow cytometry
-------------------------------------------

Flow cytometry analysis and sorting were performed using a FACS Aria III cell sorter equipped with 488- and 531-nm lasers (BD Biosciences, San Jose, CA). Sorting criteria used were set to select the 5--10% highest percentile of fluorescent cells, with a minimum collection of 1 × 10^5^ cells.
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